The effects of atmospheric black carbon (BC) on climate and public health have been well established, but large uncertainties remain regarding the extent of BC's impacts at different temporal and spatial scales. These uncertainties are largely due to BC's heterogeneous nature in terms of its spatiotemporal distribution, mixing state, and coating properties.
Introduction
Atmospheric black carbon (BC) is a carbonaceous aerosol that can result from the incomplete combustion of carboncontaining fuels. Major energy-related sources of BC include vehicular combustion, power plants, residential fuel-use, and 30 industrial processes. Biomass burning, which can be either anthropogenic or natural, is another significant BC source. BC is a pollutant of particular interest for two main reasons: (1) it strongly absorbs solar radiation, which results in atmospheric warming (Ramanathan and Carmichael, 2008) , and (2) it is associated with increased risk of cardiopulmonary morbidity and mortality (World Health Organization, 2012) . Regarding its effect on climate, BC is widely considered to be the second strongest contributor to climate warming, after carbon dioxide (Bond et al., 2013) . Although it has been established that BC 35 is a strong radiative forcing agent in Earth's atmosphere, there remains considerable uncertainty about the extent to which BC affects Earth's radiative budget, from regional to global scale (IPCC, 2013; Bond et al., 2013) .
Since the lifetime of BC is relatively short (~days to weeks), the spatiotemporal distribution of BC is highly heterogeneous, making it difficult to quantify (Krasowsky et al., 2018) . The quantification of where and when BC is emitted around the 40 world is also a challenging task that causes significant uncertainties (Bond et al., 2013) . In addition to the difficulties that come with tracking the emissions and distribution of BC, there are complex physical and chemical processes that govern the transformation of BC in the atmosphere, which ultimately impact its climate and health effects. BC is emitted mostly as an "external" mixture, physically separated from other aerosol species. Although BC is likely coated to some extent by nonrefractory organic and non-organic compounds at the point of emissions (Johnson et al., 2005) , "fresh BC" is generally 45 conceptually considered uncoated. As fresh BC is transported in the atmosphere, it obtains inorganic and organic coatings from either gaseous pollutants that condense onto the BC, oxidation reactions on the BC surface, or the coalescence of other aerosol species onto the BC (He et al., 2015) . Aged BC that has acquired coatings is referred to as internally mixed BC (Bond et al., 2006; Schwarz et al., 2008) . In general, the mixing state of BC describes how much BC is either externally or internally mixed within a broader aerosol population (Bond et al., 2013) . 50
The evolution of rBC mixing state as the BC ages in the atmosphere is crucial to understand for two reasons. First, it has been shown that non-refractory coatings on BC can enhance its absorption efficacy, implying that internally mixed BC with thick coatings can have stronger warming potential in the atmosphere compared to uncoated or thinly-coated BC (Moteki and Kondo., 2007; Wang et al., 2014) . Second, coatings on BC can alter the aerosol's hygroscopicity and effectively shorten 55 its lifetime by increasing the probability of wet deposition (McMeeking et al., 2011; Zhang et al., 2015) . In short, freshly emitted BC particles are generally hydrophobic, but coatings acquired during the aging process can make BC-containing particles hydrophilic, and therefore, more susceptible to wet deposition. Thus, uncertainties in the evolution of rBC mixing state directly translate to uncertainties regarding BC's impact on Earth's climate due to both the radiative impact per particle mass and spatiotemporal variation of atmospheric BC loading. 60 https://doi.org/10.5194/acp-2019-769 Preprint. Discussion started: 7 October 2019 c Author(s) 2019. CC BY 4.0 License.
Although there have been a number of laboratory experiments (Wang et al., 2018; He et al., 2015; Slowik et al., 2007; Knox et al., 2009) and field campaigns (Krasowsky et al., 2018; Metcalf et al., 2012; Cappa et al., 2012; Schwarz et al., 2008) studying rBC mixing state, there is considerable variability in results. For example, field studies in China suggest that the mass absorption cross-section (MAC) of BC that has aged for more than a few hours should be enhanced by a factor of ~2 65 (Wang et al., 2014) , while other studies in California reported an absorption enhancement factor of ~1.06 and ~1.03 (Cappa et al. 2012; Krasowsky et al., 2016) . Preceding these studies, Bond et al. (2006) suggested an enhancement factor of ~1.5 based on a review of laboratory and field studies. The wide range of reported values is not surprising given that rBC mixing state is expected to be influenced by a variety of spatiotemporal factors such as source type, season, and regional atmospheric composition (Krasowsky et al., 2018) . In other words, BC aged in different places, at different times, may have 70 significantly varying mixing states, resulting in a wide range of absorption and hygroscopicity enhancements in the real world.
Quantifying rBC mixing state is challenging because it requires single-particle analysis (Bond et al., 2006) . There are two main methods to measure rBC mixing state: (1) microscopy (Johnson et al., 2005) , and (2) real-time, in-situ measurements 75 (Hughes et al., 2000) . In our study, we quantify rBC mixing state by taking real-time, in-situ measurements with a single particle soot photometer (SP2). The SP2 uses laser-induced incandescence to measure refractory black carbon (rBC) mass per particle, which can be used to directly compute the mass concentration, number concentration, and mass size distribution, and indirectly compute the number size distribution (Stephens et al., 2003) . The SP2 can also measure the internal mixing state of rBC using one of two different methods. In the lag-time method, each sensed rBC-containing particle 80 is deemed as either thinly-coated or thickly-coated using the measured time difference between the peak of the particle's incandescence and scattering signal (Moteki and Kondo, 2007) . In the leading-edge-only (LEO) method, the actual coating thickness for rBC-containing particles can be explicitly quantified (Gao et al., 2007) . Further detail regarding these two methods can be found in section 2.3 and 2.4. In this study, we used both methods to quantify the rBC mixing state.
85
In this study, we measured rBC with an SP2 on Catalina Island, California (~70 km southwest of Los Angeles) during three different time periods, with the goal of observing how rBC loading and mixing state varied as a function of source type and source-to-receptor timescale. During the first campaign (September 2017), westerly winds dominated and thus the sampling location was upwind of the dominant regional sources of rBC (i.e., urban emissions from the Los Angeles basin). We suspect measurements during this period to represent well-aged particles, some of which might have originated from wildfires in 90
Oregon and Northern California. In contrast, the second and third campaigns (December 2017, November 2018) were dominated by northerly-to-easterly "Santa Ana conditions", which advected fresh and aged rBC-containing particles from both biomass burning emissions and urban emissions. Several significant wildfires were active in the Southern and Northern California regions throughout the second and third campaigns. In particular, the Thomas Fire, which was active in Southern https://doi.org/10.5194/acp-2019-769 Preprint. Discussion started: 7 October 2019 c Author(s) 2019. CC BY 4.0 License.
California during the second campaign, was the second largest wildfire in modern California history. The Camp Fire, which 95 was active in Northern California during the third campaign, was the 16 th largest fire in terms of burn area size, and was also considered the deadliest and most destructive wildfire in modern California history. Table 1 lists the two most significant wildfires for each campaign period that we suspect had some impact on our rBC measurements, along with the total burn area and time period of non-containment for each fire. Mass and number concentrations of rBC-containing particles, rBC size distributions, the number fraction of thickly coated rBC-containing particles (i.e., using the lag-time method), and 100 absolute coating thickness values (i.e., using the LEO method) are reported. We then evaluate how the rBC loading, size distribution, and mixing state relate to the meteorology and major sources at the time of measurements in order to further understand the microphysical transformation of BC as it ages in the atmosphere. While a few past studies have investigated the mixing state of rBC in the Los Angeles region using the SP2 (Metcalf et al., 2012; Cappa et al. 2012; Krasowsky et al. 2018 ), this study is the first to use fixed ground-based measurements off the coast of Los Angeles to focus on how (a) 105 wildfire source-to-receptor travel time, and (b) wildfire versus urban emissions, influence rBC mixing state. 
Measurement location and time periods
All measurements reported in this study were conducted at the USC Wrigley Institute for Environmental Studies on Catalina 115 Island (~33°26'41.68"N, 118°28'55.98"W) . Catalina Island is located approximately 70 km (43.5 miles) southwest of downtown Los Angeles. Figure 1 shows the location of the sampling site relative to the Los Angeles metropolitan area. The three campaigns were conducted from 7 to 14 September 2017, 20 to 22 December 2017, and 12 to 18 November 2018. 
Instrumentation
An SP2 (Droplet Measurement Technologies, Boulder, CO) was used to quantify the physical characteristics of rBCcontaining particles for all three campaigns. In short, the SP2 uses laser-induced incandescence to quantify rBC mass on a particle-by-particle basis. The SP2 uses a continuous Nd:YAG laser (λ = 1064 nm) that is oriented perpendicular to the flow https://doi.org/10.5194/acp-2019-769 Preprint. Discussion started: 7 October 2019 c Author(s) 2019. CC BY 4.0 License. of air containing rBC-containing particles. As each particle passes through the intra-cavity laser, any coating on the rBC 125 particle vaporizes while the core incandesces and emits thermal radiation. The scattered and thermally emitted radiation is measured by optical sensors and converted to signals that can then be used to obtain information about the mass and mixing state of the sampled rBC-containing particles. The SP2 has detection limits from ~0.5 to 50 fg rBC per particle. Further details regarding the governing principles and operation of the SP2 can be found in numerous publications (Stephens et al., 2003; Schwarz et al., 2006; Gao et al., 2007; Moteki and Kondo, 2007; Laborde et al., 2012; Dahlkötter et al., 2014; 130 Krasowsky et al., 2016) .
The inlet of the SP2 was positioned on the roof of a three-story research building at the Wrigley Institute as shown in Figure   S1 . The height of the inlet was approximately 15 meters above ground level. A fine mesh was secured to the tip of the inlet to prevent clogging by small insects, and a small plastic cone was also attached to block any potential precipitation from 135 entering the inlet. The inlet tube was fed in through a window of a secure laboratory room on the top floor of the building where the SP2 was housed for the duration of sampling. The SP2 ran continuously for the duration of the three sampling periods. Desiccant used to remove moisture from the sample air was replaced on a daily basis, and the data during these replacement periods were subsequently removed during the data analysis.
Auxiliary data 140
Model simulations and publicly available auxiliary datasets were used to supplement our SP2 measurements.
The National Oceanic and Atmospheric Administration's (NOAA) Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al., 2015) was the primary tool used to identify dominant emissions sources. The HYSPLIT back-trajectories were also used to estimate the age range of measured rBC-containing particles and the path of the air 145 masses carrying these particles. The HYSPLIT trajectory model requires the user to specify the following input parameters: meteorological database, starting point of the back-trajectory, height of source location, run time, and the vertical motion method. A height of 15 meters above ground level was chosen to approximately represent the height of the SP2 inlet positioned on the roof of the laboratory facility. For the first campaign (September 2017), the Global Data Assimilation System (GDAS) meteorology database with 1-degree resolution (~110 km for 1-degree latitude and ~85 km for 1-degree 150 longitude) was selected, and one-week back-trajectories were simulated for every day of the first campaign. For the second and third campaigns (December 2017, November 2018), the High-Resolution Rapid Refresh (HRRR) meteorology database with a 3-km resolution was selected, and 72-hour back-trajectories were simulated starting on every hour. The GDAS database was selected for the first campaign simulations because a 1-degree resolution was sufficient to show that the measured air masses were generally coming from the west. In contrast, the HRRR database was used for the second and third 155 https://doi.org/10.5194/acp-2019-769 Preprint. Discussion started: 7 October 2019 c Author(s) 2019. CC BY 4.0 License. campaigns because a finer resolution helped determine the sources that contributed to measured rBC. The default vertical motion method was selected for all back-trajectory simulations.
Data from local weather stations were used to identify the meteorological regimes during all three campaigns, and to supplement the HYSPLIT back-trajectories used for source characterization. Hourly weather data from Los Angeles 160
International Airport (LAX), Long Beach Airport, Avalon (Catalina Island), Santa Barbara, and Oxnard, during September 2017, December 2017, and November 2018, were obtained using the NOAA National Center for Environmental Information online data tool (https://www.ncdc.noaa.gov/cdo-web/datatools/lcd, last access: 26 August 2019). Five-minute weather data at the same weather stations and time periods were obtained from the Iowa Environmental Mesonet website (https://mesonet.agron.iastate.edu, last access: 26 August 2019; Todey et al.,2002) . Wind data from the USC Wrigley 165
Institute on Catalina Island were also examined when available (7 to 13 September 2017) on the Weather Underground website (https://www.wunderground.com/weather/us/ca/catalina, last access: 26 August 2019), though these data are not validated by NOAA. Data from Santa Barbara, Oxnard, and USC Wrigley Institute were assessed to support conclusions made in this study, but are not directly presented in any of the analyses here.
170
In addition to meteorological data, weather information from local news reports, NASA satellite imagery, and global aerosol model data were used in conjunction to explain the variability in rBC concentrations and mixing state during the sampling campaigns. Local weather news reports between 20 December and 22 December 2017 were used to obtain information about the active fires in Southern California and the dominant wind conditions for each day in the second campaign (December 2017) (CBS Los Angeles, 2017a , 2017b , 2017c , 2017d . There were generally two local weather reports 175 retrievable per day: one in the early morning and one later on in the evening. The information from these reports was used to get a holistic picture of the local fire and weather conditions at the time of sampling. Data from the California Department of Forestry and Fire Protection (https://www.fire.ca.gov/incidents/, last access: 26 August 2019) was also used to verify basic spatial and temporal information about significant fires occurring during sampling periods. The local weather reports were used to cross-validate wildfire timelines, but they are not directly presented here. 180 NASA satellite imagery and data were accessed through NASA's Worldview online application (https://worldview.earthdata.nasa.gov/, last access: 26 August 2019), which provides public access to NASA's Earth
Observing System Data and Information System (EOSDIS). Moderate Resolution Imaging Spectroradiometer (MODIS) images taken from two satellites (Aqua and Terra) were examined for all sampling days. MODIS images were used to 185 identify visible plumes of aerosols, particularly those from large wildfires. The general movement of air masses was also assessed from the visible movement of large-scale clouds from these satellite images. In addition to the MODIS images, aerosol index, aerosol optical depth (AOD), and fires and thermal anomalies data products were examined to supplement the source identification process. For aerosol index, the OMAERUV (Torres, 2006) model output data (Beccario, 2019 ; https://atmosphere.copernicus.eu/, last access: 26 August 2019). The CAMS model provides "near-real-time" forecasts of global atmospheric composition on a daily basis. Specifically, the PM 2.5 concentration output data from CAMS were examined using earth.nullschool.net. The CAMS output visualizations were particularly helpful for understanding where certain sources were located and when they were likely affecting our measurements. The 200 concentration gradients of PM 2.5 were examined on the visualization tool on an hourly interval for every day of active sampling in order to supplement the HYSPLIT analysis and confirm the contribution of certain emission sources. Access to the CAMS visualizations for the three campaigns can be found in the Supplement and Video Supplement.
Estimation of source-to-receptor timescale
Characteristic timescales of transport between the sampling site and nearest source(s) were estimated based on the HYSPLIT 205 trajectories simulated for source identification. The approximate source-to-receptor timescale characterizations by HYSPLIT were cross-validated with approximate calculations of transport time performed with representative length scales between sources and the sampling site, and the average wind speeds during the time periods of interest. Further details regarding the calculations of the timescale characterizations are in section S1 of the Supplement. Although we cannot fully capture the intricacies of particle aging timescales with our estimates, they are meant to be conservative approximations based on 210 available meteorological data. These estimated source-to-receptor timescales were used to help categorize different LEO periods by source(s) (see Figure 6 ), and also used in our discussion of how rBC mixing state evolves with particle aging (see Section 3.6).
Time series filtering
rBC mass and number concentrations during the first campaign (September 2017) showed anomalous spikes likely due to 215 unexpected local sources. In an effort to obtain representative background concentrations, we filtered these spikes by removing values above a threshold of 0.08 µg m -3 and 40 cm -3 for mass and number concentrations, respectively. Figure S2 in the Supplement shows the time series for the first campaign before and after removal of spikes. Figure S3 suggesting that the median rBC concentration values become insensitive to the choice of cut-off threshold above these values.
Lag-time method
The mixing state of rBC was examined using two different methods. The first method used to characterize mixing state is called the lag-time method. This method categorizes each rBC particle as either "thickly-coated" or "thinly-coated" based on 225 a measured time delay (i.e., "lag-time") between the scattering and incandescence signal peaks. This method has been previously described and used in various studies (Moteki and Kondo, 2007; McMeeking et al., 2011; Metcalf et al., 2012; Wang et al., 2014; Krasowsky et al., 2016; Krasowsky et al., 2018) . In short, as a coated rBC-containing particle passes through the SP2 laser, the sensors will detect a scattering signal as the coating vaporizes. Shortly after, there will be a peak in the incandescence signal as the rBC core heats up and emits thermal radiation. A probability density function of the lag-time 230 values often results in a bimodal distribution. Based on the data for a particular campaign, a lag-time cut-off is chosen between the two peaks of the bimodal distribution to bin each rBC particle as either thinly or thickly coated. The fraction of rBC particles that are thickly-coated (f BC ) is then determined based on this categorization. For our study, a lag-time cut-off of 2 µs was chosen to quantify whether an rBC-containing particle was thickly-coated. As discussed previously by Krasowsky et al. (2018) , the lag-time method is inherently susceptible to biases since f BC can depend on the selection of the lag-time cut-235 off value. For example, Krasowsky et al. selected a cut-off value of 1 µs for a near-highway SP2 campaign in the Los Angeles Basin, which is significantly different than the value of 2 µs used in this study and others. There remains an unresolved issue of maintaining consistency between different studies utilizing the lag-time method, while simultaneously representing the unique mixing state characterization of each measured rBC population; the definition of "thickly-coated" likely varies by the aerosol population sampled and thus is not necessarily comparable from one study to the next. 240
Leading-edge-only (LEO) method
BC mixing state was also characterized using the LEO method. In brief, this method reconstructs a Gaussian scattering function from the leading edge of the scattering signal for each rBC-containing particle. The width and location of the reconstructed Gaussian scattering function is determined by a two-element avalanche photodiode. Assuming a core-shell morphology, the rBC coating thickness is subsequently calculated from the reconstructed scattering signal and the 245 incandescence signal (Gao et al., 2007) . The Paul Scherrer Institute's single-particle soot photometer toolkit version 4.100b (developed by Martin Gysel et al.) was used to perform the LEO method in Igor Pro version 7.09. For our study, the LEO "fast-fit" method was used with the first three points of the leading edge, and particles analyzed were restricted to those with rBC core diameters between 200 and 250 nm. Although the SP2 has been reported to accurately measure the volume equivalent diameter (VED) of scattering particles down to ~170 nm, a more conservative lower threshold of 200 nm was 250 https://doi.org/10.5194/acp-2019-769 Preprint. Discussion started: 7 October 2019 c Author(s) 2019. CC BY 4.0 License.
used for our study to reduce instrument noise at smaller VED values near the detection limit, as done in our previous study (Krasowsky et al., 2018) .
Results and discussion

Source identification and meteorology
In this section, we summarize the dominant pollutant sources and wind patterns for each of the three campaigns. For all three 255 campaigns, we used HYSPLIT back-trajectories, CAMS model data, and NASA data products (i.e., satellite imagery, aerosol index products, and AOD products) in conjunction to identify the most likely sources of measured rBC-containing particles.
For the first campaign (September 2017), the Oregon wildfires were identified as probable sources of measured rBC.
Furthermore, we also identified long-range transport from East Asia and ship/aviation emissions as potential sources contributing to measured rBC. Overall, we expect measured rBC during the first campaign to be aged. For the second 260 campaign (December 2017), fresh urban emissions from the Los Angeles basin and biomass burning emissions from the Thomas Fire in Santa Barbara and Ventura County (along with other smaller Southern California fires) were the main sources identified by our analysis. For our third campaign (November 2018), fresh urban emissions from the Los Angeles basin and fresh biomass burning emission from the Woolsey Fire in Ventura (along with other smaller Southern California fires) were the main sources identified for approximately the first four days of the campaign. For approximately the last two 265 days of the third campaign, we suspect that the Camp Fire in Northern California (along with other smaller fires in Northern and Central California) had significant contributions to measured rBC. Figure 2 displays the percentage of wind coming from different directions, for each campaign, at three different weather station locations (public data provided by NOAA, see section 2.3). Furthermore, Figure 3 shows HYSPLIT back-trajectories simulated for each of the three campaigns and further highlights in detail, the differences in wind conditions between the three campaigns. These figures clearly show the distinct 270 meteorological regimes of each campaign. A more detailed description of the source identification process can be found in section S1 of the Supplement. (December 2017, November 2018) were more variable and the mean concentrations were higher than the mean concentration for the first campaign due to periods of northerly-to-easterly winds driven by Santa Ana wind conditions as described in section 3.1. Figure 5 shows rBC mass and number concentrations along with wind speed and direction during the second campaign. Wind direction was directly related to elevated concentrations for all three peaks shown. Peak P1 is clearly 305 preceded by a prolonged period of northerly winds. Similarly, Peaks P2 and P3 are preceded by periods of easterly winds.
An analogous plot for the third campaign is shown in Figure S9 , but the relationship between wind direction measured at LAX and the rBC concentration is not clearly discernible since long distance biomass emissions were impacting the measurements in addition to local sources near the LA basin. The impacts of different sources on measurements during the third campaign are described in detail in section S2 of the Supplement. 310 campaigns) were comparable to recently measured concentrations in the Los Angeles basin (Krasowsky et al., 2018 ) but at least one to two orders of magnitude lower than average concentrations found in other heavily polluted cities around the world. Mass concentration values of ~0.9 µg m -3 , ~0.5 to 2.5 µg m -3 , ~0.9 to 1.74 µg m -3 , and ~0.6 µg m -3 were measured with an SP2 in Paris, Mexico City, London, and Houston, respectively (Laborde et al., 2013; Baumgardner et al., 2007; Liu 325 et al., 2014; Schwarz et al., 2008) . In urban areas of China, an average mass concentration of ~9.9 µg m -3 was reported for a polluted period in Xi'an (Wang et al., 2014) . Compared to past studies in the Los Angeles region, the average f BC for the first campaign (September 2017) (0.27) is close to the lower end of values from past aircraft measurements (0.29) (Metcalf et al., 2012) and the upper end of previous ground-based measurements (0.21) (Krasowsky et al., 2016) . In contrast, the mean value of f BC for the second campaign (December 2017) is almost an order of magnitude lower than the average for the first campaign. There are some periods with 340 slightly elevated f BC during the second campaign, but the overall trend suggests that most of the rBC-containing particles in this period are thinly-coated or essentially uncoated. The Santa Ana wind conditions during the second campaign advected fresh (a) urban emissions from the Los Angeles basin, and/or (b) biomass burning emissions from active fires in Southern California, as discussed in section 3.1.
Lag-time analysis: number fraction of thickly-coated rBC-containing particles
345
The third campaign (November 2018) is unique in that both "fresh" and "aged" rBC-containing aerosols from biomass burning were measured. As shown in Figure 4 , there is a distinct period of relatively higher f BC and rBC concentrations starting at approximately noon on 16 November 2018 and lasting through the end of the campaign on 18 November 2018. This is the only period from all three measurement campaigns where we observed both an elevated rBC mass/number loading and f BC . In section 3.1, we identified the Camp Fire to be the predominant source during this time period within the 350 third campaign. This implies that rBC-containing particles from the Camp Fire were contributing to the elevated rBC mass/number loadings and had sufficient time in the atmosphere to acquire thick coatings and thus increase f BC . https://doi.org/10.5194/acp-2019-769 Preprint. Discussion started: 7 October 2019 c Author(s) 2019. CC BY 4.0 License.
Leading-edge-only (LEO) fit analysis: rBC coating thickness
To further examine the mixing state of rBC-containing particles, the leading-edge-only (LEO) fit method was used to quantify rBC coating thickness (CT BC ) during various time periods of interest. Two time periods from the September 355 campaign, three time periods from the December campaign, and five time periods from the November campaign were selected to represent a diverse range of meteorological conditions, emission sources, and age of aerosols. Table 2 lists the ten LEO-fit periods, and their median and mean CT BC . The LEO-fit periods are also annotated on the rBC concentration time series (see Figure 4 ) to show when they occurred in the context of all three campaigns. The median CT BC for the LEO periods ranged from -0.3 to 55.9 nm. L6 had the lowest median CT BC (-0.3 nm), while L9 had the highest median CT BC 360 (55.9 nm). Figure 6 illustrates the CT BC distributions and statistics of each LEO period. L1 and L2 were from the first campaign (September 2017). L1 is representative of ambient background rBC-containing particles from the first campaign. A period that did not exhibit any anomalously large rBC mass concentration values was chosen so that contributions from possible nearby sources would not skew the average CT BC . On the other hand, L2 intentionally spans a period with many anomalously high rBC mass concentration values. Although these anomalous values were removed from the concentration time series 370 discussed previously in section 2.4, the values were not removed for the LEO analysis of L2 in order to examine the relationship between CT BC and possible nearby emissions. As hypothesized, the rBC-containing particles from L2 were generally more thinly coated than those from L1. The median CT BC from L2 was 12.5 nm thinner than that for L1, which https://doi.org/10.5194/acp-2019-769 Preprint. Discussion started: 7 October 2019 c Author(s) 2019. CC BY 4.0 License. Figure 6 . Violin plots that show the distribution of rBC coating thickness values calculated for each LEO time period, L1 through L10. Each circle marker in the plot represents a particle analyzed by the LEO analysis and the curves for each "violin" shape represents the normalized probability density function of the coating thickness for each LEO period. The violin shapes are simply a result of mirroring each distribution along a vertical axis. Box-and-whiskers plots are also overlaid to show the quartiles (25 th , 50 th , and 75 th percentiles) of the coating thickness distributions. The 95% confidence intervals (CI) based on Student's t-distribution are shown above each violin plot to demonstrate when the 380 mean coating thickness values are statistically distinguishable from one another. The mean and median coating thicknesses are also indicated above each violin plot, and a brief description of sources for each LEO period is annotated below each violin plot. This could be partially attributed to the fact that L3 was around 1 to 2 pm, when the planetary boundary layer would be 395 expected to increase in height, causing pollutants concentrations to decrease due to dilution. The median CT BC for L3 was 42 nm, which is slightly thicker than the median CT BC found for L1, which is representative of the ambient background conditions. The slightly larger CT BC for L3 might reflect the fact that mixing state is sensitive to the source of emissions. A number of previous studies have suggested that rBC from biomass burning emissions are generally more thickly coated (Sahu et al., 2012; Schwarz et al. 2008; Dahlkötter et al., 2014) . In this case, we have evidence to suspect that a larger 400 fraction of measured rBC during L3 came from the local Thomas Fire, while L1 represents a mix of influences, including, but not limited to, aged biomass burning aerosols.
L4 through L7 represent periods of time when the Los Angeles basin and Santa Barbara/Ventura counties (which includes both biomass burning and urban emissions) were identified as major sources. The HYSPLIT back-trajectories for these 405 periods pass near several significant local fires in the Southern California region. We also expect urban emissions (i.e., mostly vehicular emissions) to be contributing to the measurements during these periods, when trajectories are generally traversing through urban areas of Southern California. Overall, these LEO periods exhibit the lowest median CT BC . The relationship between aging time and CT BC , especially for these urban emissions influenced periods, is discussed further in section 3.6. 410 L8, L9, and L10 are the unique LEO periods from the third campaign (November 2018) with elevated f BC (discussed in the previous section). We also observed the highest median CT BC values during these periods. L8 and L9 were both periods of stable elevated f BC and rBC concentrations. We have strong evidence to support that the sampled particles include important contributions from aged rBC from the Northern California fires, particularly the Camp Fire (see section S2 in Supplement). 415
The relatively high CT BC values in L8 and L9 (compared to other LEO periods) further support our claim that rBC-https://doi.org/10.5194/acp-2019-769 Preprint. Discussion started: 7 October 2019 c Author(s) 2019. CC BY 4.0 License.
containing particles from Northern California fires were dominating our measurements during this time. L10 has a median CT BC that is ~20 nm smaller than the median values in L8 and L9. This reduction in the median CT BC is also reflected in the decrease of the f BC values near the end of the campaign. Meteorological data, MODIS satellite images, and CAMS data during this time period suggest that sources from the Southern California (and possibly Central Valley) region contributed 420 more to measurements during L10 than they did during L8 and L9, explaining the lower CT BC and higher overall concentrations. Wind speeds were lower on average for L10 compared to L8 and L9. The mean wind speed for L10 at LAX, based on 5-minute NOAA data, was ~1.3 m s -1 , while the mean wind speeds for L8 and L9 were ~2.1 m s -1 and 1.6 m s -1 , respectively. There was also a general shift of wind direction from westerly to north-easterly, approximately a half day before L10 (see figure S9 in Supplement). MODIS satellite imagery and CAMS data also confirm that local to regional 425 sources were likely impacting the measurements more during this period (see video 3 and 4 of Video Supplement), compared to L8 and L9. The stagnant meteorology, in addition to local to regional sources of emissions from the Los Angeles basin and Southern California more broadly, likely explain the reduction in CT BC and the near doubling of the rBC concentration level.
rBC core size distributions 430
The number-and mass-based size distributions for rBC cores were assessed for periods L1 to L10. Similar to past studies, rBC core mass equivalent diameters between 70 and 450 nm are reported (Gao et al., 2007; Moteki and Kondo, 2007; Dahlkötter et al., 2014; Krasowsky et al., 2018) . Figure 7 shows both log-normal fits of the rBC core size distributions and measured rBC core diameters for three LEO periods (L1, L5, and L10); we investigated these three LEO periods to assess whether log-normal fits adequately represent the actual rBC size distributions before presenting log-normal fits for all LEO 435 periods. Previous studies have shown that rBC core size distributions in nature are generally log-normal in the accumulation mode (Metcalf et al., 2012) . Figure 7 shows that log-normal fits adequately capture the measured size distributions, though we cannot rule out the possibility of another rBC mode outside the detection limits of the SP2. L5, and L10. Figure 8 shows the median rBC core diameter based on the log-normal fits for each LEO period. There is variability in the median core diameters of both the mass-based and number-based size distributions. Looking specifically at the mass size distribution, the median diameter ranges between 112 nm (L4) and 171 nm (L5, L10). A study by Laborde et al. (2013) 445 discusses the relationship between rBC core diameter and air mass type. According to Laborde et al., an average rBC core diameter of ~100 nm was observed for fresh urban emissions, while diameters of ~200 nm were observed for "continental air masses," which would be expected to be include a larger contribution of aged rBC. The mass size distributions from our LEO periods do not strictly adhere to a positive correlation between aging time and average rBC core diameter as reported by Laborde et al. (2013) . In fact, sometimes we observe the opposite relationship. For example, as discussed in the previous 450 section, L5 includes important contributions from freshly emitted rBC, but the mass median diameter is the largest out of all LEO periods (171 nm). Moteki et al. (2012) found negative correlation between aging timescale and rBC core size due to the fractal morphology of the rBC collapsing into a spherical morphology. This mechanism is in direct contrast to the coagulation mechanism described by Laborde et al. (2013) , which would serve to increase the mass median rBC core In our study, we observed a mix of rBC core diameters for different periods. For example, L8 and L9 exhibit higher mass median diameters than L4, L6, and L7. We assert that rBC measured during L8 and L9 are more aged than for L4, L6, and 460 L7. As mentioned previously, L5 is inconsistent with the pattern of higher mass median diameter with greater contributions of aged particles. As seen in Figure S10 , we see a moderate positive correlation (R 2 = 0.36) between median CT BC and the median number-based diameter for rBC. This is consistent with the coagulation mechanism increasing core size with increasing age, as suggested by previous studies (Krasowsky et al., 2018; Laborde et al., 2013; Shiraiwa et al., 2008) . In other words, since CT BC generally increases with atmospheric aging, the positive correlation between CT BC and number-465 based diameter found in this study supports previous suggestions that rBC core sizes increase with atmospheric aging.
Additionally, we observe that changes in the mass median diameter are not consistent with the changes in number median diameter, although the figure is not presented here. Although previous studies, like Laborde et al. (2013) , have focused on the mass median diameter, our results suggest that the number median diameter could be a more useful metric when correlating core diameters to mixing state metrics since the SP2 measures characteristics of individual rBC particles on a 470 number basis and the CT BC is calculated for each measured particle.
Source type (e.g., urban versus biomass emissions, and different types of fuels burned) can also play a significant role in determining rBC core size (Sahu et al., 2012; Pan et al., 2017; Laborde et al., 2013; Moteki et al., 2012; Metcalf et al. 2012; Wang et al. 2018) . Past studies suggest that rBC cores from biomass burning emissions are larger. For example, Metcalf et 475 al. (2012) reported a mass median diameter of ~122 nm for rBC from urban emissions in Los Angeles, while Sahu et al. California. Our measurements are in general agreement with previous studies. The mass median diameter of rBC cores measured during periods of strong biomass burning influence (L8-L10) are larger than those calculated for other LEO periods, with the exception of L5 (see Figure 8 ). This provides further confirmation that rBC core size is influenced by the 480 source of emissions. Table 3 lists the range of estimated "source-to-receptor" timescales for rBC-containing particles measured during LEO time periods L1 to L10. For the first campaign (September 2017), source identification analysis suggests that the measured rBCcontaining particles were likely from aged biomass burning emissions and other unidentified sources of aged rBC-containing 485 particles. The fact that all regional emissions were downwind of the sampling site during the first campaign suggests that measured rBC included negligible contributions from fresh emissions from the Los Angeles basin. There were no active wildfires in the Southern California region at the time of the first campaign, but there were significant wildfires in the Pacific Northwest and the northern tip of California (near the California-Oregon border) around the time of measurements, as discussed in section 3.1. We suggest that measured rBC included contributions from these wildfires (see section 3.1), though 490 we make no attempt to quantitatively determining the relative contribution from these wildfires to our measurements.
Particle age and rBC mixing state
For the second campaign (December 2017), there was a more diverse range of source types and locations. This was expected, based on the more variable meteorology with respect to the first campaign (September 2017), especially the presence of the less common Santa Ana winds. Fresh urban and biomass emissions influenced air masses (L4 and L5) 495 contained particles with a characteristic age ranging from ~3-12 hours, with an associated median CT BC of ~11 nm. In contrast, L3 had vastly longer aging timescale (~days to week), and an associated median CT BC that was approximately four times higher than that of L4 and L5. The concentrations during L3 were also comparable to the average concentration of the first campaign, which further supports that fresh urban emission sources from the Los Angeles basin were not contributing to the aerosols being measured during the L3 period. The difference in CT BC between periods within the same campaign 500 highlights the relationship between aging timescale and CT BC .
By comparing periods L4-L7 and L8-L9, we estimate a conservative minimum aging timescale for rBC particles to acquire significant coatings. For L4-L7, we observed relatively low values of CT BC and f BC , corresponding to fresh biomass and urban emissions from the Southern California region. In contrast, we observed the highest values of CT BC and f BC for L8 and 505 L9, when synoptic winds were blowing aged biomass burning aerosols along the coast of California from the Camp Fire (Northern California) plume. We estimate that source-to-receptor transport from the Camp Fire to Catalina Island is approximately one week. In comparison, all characteristic timescales for L4-L7 were less than 24 hours. Based on these observations, we can make a conservative statement that rBC-containing particles that are aged less than one day in the Los https://doi.org/10.5194/acp-2019-769 Preprint. Discussion started: 7 October 2019 c Author(s) 2019. CC BY 4.0 License.
Angeles basin (either from biomass burning or urban emissions) are not likely to be thickly coated. This is in contrast to 510 other previous SP2 measurements that have been made in other regions, which have suggested that timescales of less than one day are sufficient to thickly coat rBC-containing particles (Moteki and Kondo, 2007; Akagi et al., 2012; Baumgardner et al., 2007; Cheng et al., 2018; Dahlkötter et al., 2014; Kondo et al., 2011; Laborde et al., 2013; Metcalf et al., 2012; Pan et al., 2017; Perring et al., 2017; Schwarz et al., 2008; Shiraiwa et al., 2007; Wang et al., 2014 Wang et al., , 2018 . However, results reported here are consistent with a recent study by Krasowsky et al. (2018) in the Los Angeles basin that also suggests that 515 rBC-containing particles in the Los Angeles region are not significantly coated within timescales less than one day. Our findings add to a growing body of evidence that suggests that regional differences, like atmospheric context and emission sources, play a significant role in the evolution of rBC mixing state, and more specifically, the rate at which rBC-containing particles acquire coatings.
520
The evolution of rBC mixing state has important implications on accurately assessing the regional climate benefits of black carbon reductions, particularly in California, and also reducing uncertainty in global radiative forcing of BC in climate models. Understanding the time scales for rBC-containing particles to acquire coatings in different regions is important for accurately quantifying the enhancement of BC light absorption, and also for determining BC lifetime in the atmosphere since hygroscopic coating material can enhance the particle's susceptibility to wet deposition . These results 525 emphasize the need for more future field measurements of rBC mixing state in various regions around the world, in order to understand its spatial and temporal differences, and consequently its effect on climate forcing on both a regional and global scale.
Conclusion
This study investigates the concentration, size distribution, and mixing state of rBC on Catalina Island (~70 km southwest of 530 Los Angeles) using a single-particle soot photometer (SP2). Measurements were taken during three separate campaigns with varying meteorological conditions and emission sources, in September 2017, December 2017, and November 2018. During the first campaign (7 to 14 September 2017), westerly winds dominated and thus the sampling location was upwind of the dominant regional sources of BC (i.e., urban emissions from the Los Angeles basin). The measurements from the first campaign were largely characteristic of ambient background levels of rBC over the Pacific Ocean, away from the broader 535 For the first campaign (September 2017), rBC concentrations remained relatively constant throughout the sampling period, and the mean concentration (0.04 µg m -3 ) was about an order of magnitude lower than previous ground-based measurements of rBC concentrations in the Los Angeles basin (~0.14 µg m -3 ) (Krasowsky et al., 2016) . The mean number fraction of thickly-coated rBC particles (f BC ) was 0.27 for this period, slightly lower than the lower end of f BC calculated from flight-545 based measurements (Metcalf et al., 2012) and slightly higher than the upper end of f BC calculated from ground-based measurements (Krasowsky et al., 2016) , all in the Los Angeles basin. The background, ambient population of rBCcontaining aerosols off the coast of Los Angeles was characterized by a median coating thickness (CT BC ) of ~36 nm.
Measurements from this period show that rBC-containing particles over the Pacific Ocean are well-aged, based on the mean f BC and CT BC values. 550 In contrast, the measurements from the second and third campaigns (December 2017, November 2018) had much larger variability in meteorological conditions and BC sources, compared to the first campaign (September 2017). The Santa Ana wind conditions (northerly to easterly winds), along with large wildfire events across California, directly influenced which BC sources contributed to our measurements. During the second campaign, we measured rBC from urban emissions and 555 wildfires in Southern California (Thomas Fire). In addition to urban and wildfire emissions from Southern California, rBC from Northern California (Camp Fire) was measured during the third campaign. The wide variety of meteorological conditions and BC sources resulted in a wide range of rBC concentrations (~0 to 0.6 µg m -3 for the second campaign and ~0 to 1.5 µg m -3 for the third campaign) and hourly-averaged f BC (~0 to 0.14 for second campaign, ~0.02 to 0.48 for third campaign). 560
Using the lag-time method and the LEO method we show that rBC mixing state is highly variable, dependent on emission source and atmospheric aging. Based on source-to-receptor timescales approximated with HYSPLIT back-trajectories, MODIS imagery, and meteorological data, we examine the relationship between atmospheric aging and mixing state.
Notably, we find that fresh emissions (biomass burning and urban emissions) from the Southern California region with 565 source-to-receptor timescales of less than a day are not significantly coated, with median CT BC ranging from 5.6 to 13.4 nm.
In contrast, we observe elevated f BC (~0.23 to 0.47) and much higher median CT BC (40.7 to 68.6 nm) during periods of known impact from a long-range emission source (Camp Fire in Northern California). Previous studies have concluded that rBC acquire significant coating within hours after emission from the source, but our results suggest that rBC in the Los Angeles area do not get coated as quickly when emissions are blown towards the ocean during Santa Ana wind conditions. 570
Additionally, we observe a modest positive correlation (R 2 = 0.36) between median CT BC and median rBC core diameter, which supports previous suggestions that rBC cores can coagulate as they age in the atmosphere (Laborde et al., 2013; Shiraiwa et al., 2008) . We also observed larger median mass diameters for periods where biomass burning emissions were suspected to be the dominant source of rBC, confirming measurements reported in previous studies.
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575
Our study, in conjunction with previous studies, confirms that rBC mixing state is highly influenced by atmospheric context (i.e., meteorology, chemical composition of regional atmosphere, and emission sources), which varies widely both spatially and temporally. More field campaigns are needed in a variety of sampling locations with different source contributions and atmospheric contexts to further reduce uncertainty associated with rBC mixing state and its influence on BC atmospheric lifetime, spatial distributions, and radiative forcing. Further measurements can serve as an indicator for how accurately 580 models represent BC mixing state and also improve our understanding of BC global distributions, ultimately reducing uncertainties in BC radiative forcing predicted by climate models. Given that there are less than 20 studies that quantify CT BC using the LEO method, this study confirms that further measurements are necessary in order to narrow the quantitative bounds of rBC mixing state in our climate system, particularly since it has important implications on BC absorption enhancement and atmospheric lifetime. 585
Data availability
Processed data is available at the following Harvard Dataverse repository: https://dataverse.harvard.edu/dataverse/catalina_rbc_2017_2018. Due to the extremely large file sizes for the raw SP2 data, they are not publicly available but may be available upon request 600
to the corresponding author.
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